Transient
thermal-hydraulic behaviors of the JRR-3 which is an open-pool type research reactor has been analyzed with the THYDE-P1 code. The focal point is the thermal-hydraulic behaviors related to the core flow reversal during the transition from forced circulation downflow to natural circulation upflow.
In the case of a loss-of-coolant accident (LOCA), for example, the core flow reversal is expected to occur just after the water pool isolation from the primary cooling loop with a leak. The core flow reversal should cause a sudden increase in fuel temperature and a steep decrease in the departure-from-nucleate-boiling ratio (DNBR) and the phenomenon is, therefore, very important especially for safety design and evaluation of research reactors.
Major purposes of the present work are to clarify physical phenomena during the transient and to identify important parameters affecting the peak fuel temperature and the minimum DNBR. The results calculated with THYDE-Pl assuming the sequences of events of the loss-of-offsite power and LOCA help us to understand the phenomena both qualitatively and quantitatively, with respect to the safety design and evaluation. An analytical investigation has been performed on thermal-hydraulic transients from forced circulation core cooling to natural circulation core cooling of the Japan Research Reactor-3 (JRR-3) which is an open-pool type research reactor.
The JRR-3 at the Japan Atomic Energy Research Institute (JAERI) is now under reconstruction to be upgraded from 10 to 20 MWt. With respect to core thermal-hydraulics, the reactor is characterized by downward core flow under low pressure and low temperature compared to the commercial nuclear power reactor.
The geometry of the core subchannel is rectangular with a narrow gap between flat fuel plates. Figure 1 shows a schematic diagram of the primary coolant loop.
For the case of a loss-of-coolant accident (LOCA), syphon break valves are installed to prevent all the primary coolant from being discharged through a leak in the primary cooling loop. In the case of LOCA, a core flow reversal is expected to occur just after the water pool is Various transient thermal-hydraulic calculations have been performed with the THYDE-P1 code(" ' for several assumed sequences of events mainly for licensing purpose. THYDE-P1 is a computer code, which has been developed at JAERI, for analyses of various kinds of transients in nuclear power plants including postulated LOCAs. During the course of this work, the code has been modified to be applicable to the JRR-3 taking into account its characteristic features.
One of the major code modifications is directed to the heat transfer correlation package.
A set of empirical correlations for heat transfer coefficients and DNB heat flux has been established"' based on an extensive survey of the existing experimental data and has been implemented in THYDE-P1.
Major purposes of the present work are to clarify the physical phenomena during the transient from forced convection downflow to natural convection upflow and to identify important parameters sensitive to the fuel temperature and DNBR under various sequences of events.
The results calculated with THYDE-P1 show that the most important parameter is the level of the decay power during the transient, which is determined by the time when the transient occurs after the reactor shutdown. The results also show that the . transient is dominated by the competitive process between the decrease in forced flow and the increase in the driving force of the natural circulation, indicating the importance of the characteristics of the natural circulation and the pump coastdown.
II. MAJOR FEATURES OF UPGRADED JRR-3
The core of the upgraded JRR-3 is submerged in a large water pool. The rated power level is 20 MWt. In order to minimize the radiative exposure to the personnel, downward core flow is adopted under the normal operation. The core consists of 26 standard fuel elements and 6 follower type fuel elements, which consist of 20 and 16 flat fuel plates per each, respectively. The flow channel is rectangular with 66.6 mm in width, 2.28 mm in water gap and 750 mm in length for the standard fuel element. The total flow area of the core is about 0.11 m2. The pressure at the core inlet (top of the core) is approximately 1.5x105 Pa. The core coolant velocity is about 6 m/s and the pressure drop across the core is about 1.0x 105 Pa, which is corresponding to about 10 m of water head. As shown in Fig. 1 , two main coolant pumps are installed in parallel.
The rated pump flow rate is 1,200 m3/h per each and the rated pump head is 46 m per each. In addition, two auxiliary pumps are installed in parallel to the main coolant pumps.
They are operated during the normal operation with the minimum flow back to the suction of the main pumps.
The flow rate reaches the rated value when the main coolant pumps are tripped off. The rated flow of the auxiliary pump is 270 m3/h per each. In case of emergency, the power supply to the auxiliary pumps are designed to be switched from the off-site power to the on-site power.
In order to prevent all the pool water from being discharged through the break in the primary cooling loop, two syphon break valves and a syphon break hole are incorporated in the primary cooling loop as shown in Fig. 1 . The former and the latter are to break the syphon effect at the core outlet side and core inlet side of U-bends of piping, respectively. The syphon break valves are designed to be opened when the pool water level decreases 3 m below the normal operation level. When the water level decreases to the syphon break level, which is about 4 m below the normal operation level, air flows into the primary cooling loop through the syphon break valves and syphon break hole and it breaks the syphon effect.
Then, the discharge of water from the water pool is stopped and the water level remains constant (water pool isolation) after that.
A natural circulation valve is installed between the lower plenum and the water pool as shown in Fig. 1 . The valve diameter is about 200 mm. It is important that the valve is opened before the water pool isolation to ensure the natural circulation path.
Therefore, the valve is designed to be automatically opened when the pool water level decreases 3 m below the normal operation level, while the water pool is isolated with a water level of 4 m below the normal water level as already described.
III. ANALYTICAL TOOL 1. Code Modification THYDE-P1 applies so-called one-dimensional node-and-junction method, in which fluid conservation equations for mass, momentum and energy are integrated within a control volume called node and solved using non-linear implicit method.
So far, extensive code verification studies(4)~(10) have been carried out using several experimental results, for example, from the Loss-of-Fluid Test (LOFT) facility (11) . However, it has never been applied to a research reactor before the present work. A code modification was made for the package of heat transfer correlations and DNB heat flux correlations, which are applicable to both downflow and upflow in a rectangular channel of the JRR-3 under the conditions of low pressure and low temperature. Table 1 shows the listing of the correlation set which has been establishedm as the result of the survey. The correlations especially to predict the DNB heat flux were carefully checked because the DNB ratio is one of the most important parameters for safety evaluation and moreover the DNB characteristics are considered to depend largely on the flow conditions and the geometry of the flow channel.
From the comparison of all the available data, the following correlations were selected (3) to the present work.
(1) For upward flow ; q*DNB=max (q*DNB,1, q*DNB, 3)
(2) For downward flow ; ( 2 ) where ( 3 )
The non-dimensional parameters are defined as follows :
where Equations ( 4 ) and ( 5 ) Figure 2 shows a node-and-junction chart for the present calculation. The reactor core is represented by 3 channels, i. e. an average channel, a hot channel and a core bypass. The hot channel geometry is corresponding to a subchannel in the standard fuel element. The core bypass simulates the non-heated peripheral gap between the core and the heavy water tank.
The average channel simulates all the other flow area in the core. The nuclear fuel plates are simulated by heat conductors called heat slabs. The heat slab in the hot channel simulates one fuel plate of the standard fuel element with the possible highest power considering several kinds of hot channel factors.
The heat slab in the average channel, on the other hand, simulates all the other fuel plates.
The water pool is represented by several nodes and junctions. A water-level-tracking model, that is, a model to track the water level is applied to the region above the top of Table 1 Correlation set for heat transfer coefficient, DNB heat flux and film boiling heat flux the core. The water pool below the level of the top of the core is simulated by one node and the natural circulation valve is modeled by a flow path connecting the water pool to the lower plenum.
The arrows in Fig. 1 show the typical flow directions in forced circulation and natural circulation.
The core bypass plays an important role in natural circulation especially when assuming the mal-function of the natural circulation valve. A large pipe break can not be expected to occur at all in a research reactor which is operated under low pressure and low temperature, such as the JRR-3, being different from the commercial nuclear power plant.
In the present calculation, the maximum break flow area is assumed to be (1/4)Dt (22) , which means 1/4 of the pipe outer diameter(D) times the pipe wall thickness(t). The break is assumed to occur at the suction of the main coolant pumps as shown in Fig. 2 . The break point is located approximately 11 m below the normal pool water level. The loss coefficient at the break point is assumed to be 1.0 based on the break flow area, considering the sudden expansion of the flow area to the flow path with an infinitely large flow area. The uncertainty contained in the loss coefficient should be covered by the sensitivity calculations because it markedly affects the break flow rate and, therefore, the time of the water pool isolation, which determines the level of decay heat during the flow reversal. When the water level decreases to the syphon break level owing to the break in the primary cooling loop, the loop is isolated from the water pool, corresponding to the function of the syphon break valve as described already, and is no more considered in the calculation.
In the present nodalization, only one of the auxiliary pumps is modeled since the other auxiliary pump is assumed unavailable based on the single failure criterion for evaluation purpose.
IV . SEQUENCES OF EVENTS
Major thermal-hydraulic transients are listed in Table 2 for the scope of the design basis events (DBEs). In the case of LOCA, the core flow reversal occurs just after the water pool isolation.
The time of the water pool isolation is dependent on the break area and In the cases other than LOCA, however, the core flow reversal does not occur during the period of interest. It is because (i) the main coolant pumps are running in the cases initiated by failures in the secondary system, (ii) one of the main coolant pumps is running in the cases of the loss-of-primary flow and the primary pump rotor seizure, and (iii) one of the auxiliary pumps is running in the case of loss-of-offsite power. Therefore, in all the transients except LOCA, the main coolant pump(s) and the auxiliary pump(s) should be stopped manually after the transients for the long term decay heat removal.
Just after all the pumps are turned off, the core flow reversal occurs.
In the present work, the loss-of-off site power is selected as a representative to analyze the transient from the forced convection core cooling to the natural circulation core cooling after all the pumps being off manually. From the events listed in this table, the loss-of-offsite power and LOCA are, therefore, selected to be discussed in the following sections.
1.
Loss-of-off site Power
The sequence of events for the loss-of-offsite power is sketched in Fig. 3 simultaneously with the auxiliary pump trip considering the worst case. Just after the auxiliary pump trip, the core flow reversal occurs and the natural circulation core cooling is established after that.
The core power suddenly decreases with reactor shutdown and gradually decreases after that to about 1% of the full power at 3 h after the initiation of loss-of-offsite power.
LOCA
The sequence of events is sketched in Fig. 4 along with the transients of the pool water level and the core flow.
In the present calculation, the break is assumed to occur at the suction of the main coolant pumps as already described in Sec.
In the present Figure 6 shows the fuel temperature, the coolant temperature and DNBR calculated at the hottest node in the core. Before the auxiliary pump trip, the fuel temperature reaches a quasisteady value since all the decay heat is removed by the pumped flow. Sufficiently long after the core flow reversal, the fuel temperature also reaches another quasi-steady state by the natural circulation. The temperatures start to increase just after the pump trip and reach the peaks with the core flow reversal. The DNB ratio reaches the minimum value just before the flow reversal. Figure  7 shows the calculated results of the DNB heat flux, the surface heat flux and the heat transfer coefficient together with the mass flow rate at the hottest node in the core. 
where Q is the heat generation rate, C, the isobaric specific heat and W the mass flow rate.
The coolant density at the outlet of each channel is approximated using Eq. (12) as (13) where /3 is the thermal expansion coefficient. The thermal properties such as 13 and are assumed constant in time and space for simplicity. Here we assume that the channel average density is expressed by the arithmetic average of the densities at the inlet and outlet. Then, the density difference Jpi, between channels i and j is expressed as follows : (14) The heat generation in each channel can be expressed as follows : (15) where (21,', is the rated power of the average channel, P* the normalized power at the time of interest and F the overall hot channel factor. The hot channel factor is defined as the ratio of the heat flux in the hot channel to that in the average channel. The ratio of the flow areas of the hot and average channels is approximately equal to the ratio of the heat transfer areas of both channels.
Then, we obtain
where (18) Equations (9)~ (11) can be solved together with Eqs. (16) and (17). We assume, for simplicity, that the pressure loss through the core is much larger than that through the natural circulation valve. Then the first terms in the right-hand sides of Eqs. (10) and (11) can be neglected. Further for simplicity, we only consider the case where the core flow is slow enough to be laminar.
In this case, the wall frictional pressure drop i.; dominant in the total pressure drop and, therefore, form losses at the inlet and outlet of the core can be neglected. The Fanning wall friction factor f for a rectangular channel is estimated as follows : (19) 
The calculated flow velocities with THYDE-P1 corresponding to those at the quasi-steady state long after the flow reversal are shown in Fig. 9 together with the results by Eqs. (20) and (21), which are shown by solid lines. A good agreement is obtained with the THYDE-P1 results and it is clear that the assumptions applied to derive Eqs. (20) and (21) are proved to be appropriate. Thus, the quasi-steady state natural circulation characteristics are well understood by the above discussion.
Effect of Decay Power
In the parameters which appear in the right-hand sides of Eqs. (20) and (21), the level that is, the time when the natural circulation is established after the reactor shutdown. Then, a sensitivity calculation of the decay power has been performed with THYDE-P1 for the case of the loss-of-offsite power. Figure 10 shows Figure 10 should be useful for predicting the minimum DNBR in LOCA since the phenomenon just after the water pool isolation is very similar to that after the auxiliary pump trip in the loss-of-offsite power.
The lower figure in Fig. 11 shows the transients of the mass flow rates calculated for the average channel and the natural circulation valve. In the case of LOCA, the natural circulation valve is assumed to be opened before the reactor pool isolation from the primary cooling loop when the pool water level decreases The pressure drop at the break point is much larger than that through the core because the flow velocity at the break point is much larger than that through 
The time of the water pool isolation tSB is defined as the time when the pool water level reaches the syphon break level /sB, which is simply expressed as follows :
(27) Figure 12 (a) shows the water pool isolation time calculated by Eq. (27) as a function of, for example, the break flow area with different loss coefficients at the break along with the THYDE-P1 result. (29) where Da is the atmospheric pressure and Dsa, the saturation pressure in nz of water head.
Then, Eqs. (22) and (28) are solved with the help of Eq. (29) to obtain an expression for the time of water pool isolation tcritSB , resulting in :
As already stated in Sec. the uncertainty contained in the loss coefficient KB should be covered by the sensitivity calculation.
As shown in Fig 12(a) , when the loss coefficient increases, the time of the water pool isolation delays and, therefore, the minimum DNBR related to the core flow reversal decreases.
When the loss coefficient is assumed to be less than approximately 0.5, the break flow is restricted by the critical flow and, therefore, the time of water pool isolation is kept constant, i. e. about 60 min, independent of the loss coefficient at the break.
Using Eq. (27) and the results from the sensitivity calculations of the auxiliary pump trip time in the loss-of-offsite power shown in Fig. 10 , the minimum DNBR in LOCA can be roughly predicted. Figure 13 shows the rough estimation of the minimum DNBR as a function of the break flow area with several different loss coefficients and the break elevations.
In this figure, the minimum DNBR is assumed to be proportional to the logarithm of the water pool isolation time based on the results shown in Fig. 10 . If we desire to have a rough estimation of the minimum DNBR without performing the THYDE-P1 calculation, for example, for KB=1, LB=-1 and AB-=1, the figure indicates that the water pool isolation occurs at about 90 min, with the minimum DNBR of about 3. These results agree well with the THYDE-P1 results in the case of LOCA. In the simplified model shown in Sec. V-2, the natural circulation valve is assumed to be large enough so that the pressure loss through the valve is negligibly small in comparison with that through the core. In order to investigate the effect of the valve diameter, the first terms of Eqs. (10) and (11) are taken into account.
The upper figure in Fig. 14 shows the calculated quasi-steady natural circulation flow as a function of the valve diameter, along with the results from the sensitivity calculation with THYDE-Pl . A good agreement has been obtained.
When the valve diameter is small, the natural circulation flow rate is restricted by the diameter of the valve. When the valve diameter becomes larger, the flow rate also increases but it approaches a certain value determined from the frictional pressure loss through the core region. The lower figure in Fig . 14 shows the calculated minimum DNBR as a function of the natural circulation valve diameter . The amount of the bypassing flow through the natural circulation valve can be estimated using Eq. (10), where the driving force of natural circulation is assumed to be negligibly small. Since the mass flow rate through the average channel is much larger than that through the hot channel, the core flow ratio Rc to the total loop flow can be approximated by the following equation : If the valve diameter exceeds about 300 mm, a core flow reversal occurs at the hot channel even during the operation of an auxiliary pump. In this case, the flow reversal occurs very slowly since the driving force of the natural circulation is almost balanced with the pumping Figure  16 shows the ranges of the natural circulation valve diameter assuming the threshold of the minimum DNBR to be, for example, 1.5 and 1.8.
VI. CONCLUDING REMARKS
The transient thermal-hydraulic behaviors of the JRR-3 which has downflow under the normal operation condition have been investigated with using the THYDE-P1 code, focusing on the core flow reversal resulting from the transition from the forced circulation to the natural circulation. The thermal-hydraulic phenomena during the transient of interest are well understood by the THYDE-P1 calculation, which has clarified the important parameters affecting the local minimum DNBR and the peak fuel temperature.
The following have been derived as the major results :
(1) A sudden increase in the fuel temperature and a steep decrease in DNBR are calculated to occur at the core flow reversal.
(2) The peak fuel temperature and the minimum DNBR depend strongly on the level of the decay power, namely, the time when the flow reversal occurs after the reactor shutdown.
In the case of LOCA, these depend on the break area and the location.
In the other cases, they depend only on when the auxiliary pump is finally stopped.
(3) The natural circulation valve is useful to ensure the flow path for the natural circulation. In order to limit the maximum valve diameter, it is useful to consider a type of sequence of events, such as a mis-opening of the valve under the possible condition with low flow.
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